Solubility studies on many crystalline proteins have shown that even large molecules show solubility behavior in general accord with that expected for homogeneous substances from the phase rule. Such studies in the case of the crystalline hemoglobins and enzymes have yielded much valuable information as to their identity and purity (1, 2). Solubility theory should apply also to particles larger than the simple proteins and experiments with a bacteriophage by Northrop indicated that this material, although having a minimum molecular weight of about 500,000, possessed a fairly definite solubility (3). It has been shown that tobacco mosaic virus purified by centrifugation or by careful treatment with ammonium sulfate is homogeneous when examined either by sedimentation in the ultracentrifuge or by electrophoresis in the Tiselius apparatus (4, 5). These methods, however, show only that all of the material in the sample sediments in a centrifugal field or migrates in an electrical field at uniform rates. Although many other experiments also failed to provide evidence for inhomogeneity (6), it appeared desirable to study the solubility behavior of the virus. In the experiments to be described in this paper, solubility determinations were made on tobacco mosaic virus purified by different methods (7, 8) , on samples isolated at varying intervals of time after inoculation (9), and on samples isolated from different host plants, in an effort to determine whether purified virus behaves as a homogeneous material from a solubility standpoint.
Solubility studies on many crystalline proteins have shown that even large molecules show solubility behavior in general accord with that expected for homogeneous substances from the phase rule. Such studies in the case of the crystalline hemoglobins and enzymes have yielded much valuable information as to their identity and purity (1, 2) . Solubility theory should apply also to particles larger than the simple proteins and experiments with a bacteriophage by Northrop indicated that this material, although having a minimum molecular weight of about 500,000, possessed a fairly definite solubility (3) . It has been shown that tobacco mosaic virus purified by centrifugation or by careful treatment with ammonium sulfate is homogeneous when examined either by sedimentation in the ultracentrifuge or by electrophoresis in the Tiselius apparatus (4, 5) . These methods, however, show only that all of the material in the sample sediments in a centrifugal field or migrates in an electrical field at uniform rates. Although many other experiments also failed to provide evidence for inhomogeneity (6) , it appeared desirable to study the solubility behavior of the virus. In the experiments to be described in this paper, solubility determinations were made on tobacco mosaic virus purified by different methods (7, 8) , on samples isolated at varying intervals of time after inoculation (9) , and on samples isolated from different host plants, in an effort to determine whether purified virus behaves as a homogeneous material from a solubility standpoint.
Materials and Methods
The virus samples were obtained by the more recent chemical procedures which involved only a few precipitations with ammonium sulfate and by ultracentrifugation with or without a preliminary precipitation with ammonium sulfate. When purified by the earlier procedures, the virus was recrystailized several times before it was used. When prepared by ultracentrifugation it was used without a preliminary crystallization other than that involved in the solubility determination. Samples prepared by ammonium sulfate precipitation were dialyzed on a rocking dialyzer (10) against distilled water until they failed to give a test for ammonia with Nessler's solution. The samples 719 prepared by ultracentrifugation were obtained by the sedimentation of the virus in the clarified juice or in concentrates prepared by precipitation of the virus with ammonium sulfate and re-solution in water. The virus pellets which separated during the ultracentrifugation were redissolved either in 0.1 ~s potassium phosphate buffer at pH 7 or in water and resedimented one or two additional times. The samples taken from plants 2 to 13 weeks after inoculation were portions of preparations isolated and described by Stanley (9) and used for sedimentation analyses by Wyckoff (5) . Solutions in 0.1 phosphate containing 2 to 3 per cent virus were stored at 4 ° for from 6 to 12 weeks before the solubility determinations were made. Preliminary experiments showed that centrifugation in an angle head in an ordinary laboratory centrifuge served much better than filtration during a solubility determination to separate suspended crystals of virus from that in solution. Equilibrium was approached from the supersaturated side by adding to the sample of virus dissolved in 0.1 ~ phosphate buffer a weighed amount of ammonium sulfate sufficient to cause the crystallization of a part of the virus in solution. Equilibrium was approached from the undersaturated side either by crystallizing the virus at the isoelectrie point with dilute phosphoric acid and extracting the sedimented virus, after the supernatant fluid had been thoroughly drained, with buffer containing ammonium sulfate (method 1); or by adding solid ammonium sulfate to the sample dissolved in a sufficiently small volume of buffer to cause the separation of all the virus, and then adding sufficient buffer to reduce the salt concentration to the desired level (method 2). In a few instances, solubilities were determined at room temperature. When this was done and the samples were centrifuged at 3000-4000 R.P.M. for 3 to 4 hours, the virus concentration in the supernatant liquid decreased only slightly after additional centrifugation. In most experiments, however, the virus suspensions, cooled to 0 °, and stirred for 10 to 15 minutes, were allowed to stand for 24 hours at 4 ° and then were centrifuged at 3000-4000 R.P.M. for about 2 hours at the same temperature. The supernatant liquid was pipetted off and analyzed for protein nitrogen as previously described (7) . The crystals which separated under these conditions, while very small in size, were the typical needle-like crystals. Because of the extremely small size of the crystals, it is difficult to be certain that amorphous material was absent in all cases. However microscopic examination did not show material of a definitely amorphous character.
RESULTS
Examples of the results obtained with virus samples purified by chemical procedures and by sedimentation in the ultracentrifuge before and after preliminary precipitation with ammonium sulfate, and the effect of storage in 0.1 ~r phosphate buffer or 20 per cent ammonium sulfate are shown in Table I . Samples purified by chemical procedures varied in solubility at room temperature in 3.25 per cent ammonium sulfate and 0.1 x~ phosphate at pH 5.6 from 0.26 to 1.5 mg. virus N per ml. Samples prepared by ultracentrifugation showed a similar variation. Some, at the concentrations tested, were entirely soluble in a concentration of ammonium sulfate at 4 ° which, for another sample, gave a solubility of about 0.3 rag. N per ml. at the same temperature. The solubility of a sample of virus varied greatly with the concentration of ammonium sulfate used as solvent. A sample which was soluble to the extent of 0.93 nag. N per ml. in 11.18 per cent ammonium sulfate gave a solubility of 0.07 nag. N per ml. in 11.77 per cent ammonium sulfate. Storage for a month at 4 ° in 0.1 M phosphate buffer or for about a year in 20 per cent ammonium sulfate reduced the solubility from relatively high values at room temperature to about 0.1-0.2 mg. N per ml. and repeated recrystallization at room temperature seemed to produce a similar result. Evidence has been obtained that these treatments cause an irreversible linear aggregation of the virus particles (11, 12) . One precipitation with ammonium sulfate at 4 °, which does not cause a measurable amount of such aggregation, also failed to cause any pronounced change in the solubility of the virus. The specific activities of the original samples of virus used in the experiments given in Table I were not deter- Prepared and determined as in la The same sample. Solubifity determined from undersaturated side (method 1) The same sample after standing as in la Prepared and determined as in 2b Solubility determinations were made in all cases on 0.93 rag. virus N per ml. suspension.
mined, but they were prepared by comparable procedures involving a minimum of treatment with ammonium sulfate or exposure to room temperature.
In previous experiments it has been shown that such samples possessed comparable specific activities and gave sharp boundaries in the analytical ultracentrifuge. av~r s.r.OmNG 723
The solubility experiments with the samples isolated by Stanley (9) from plants 2 to 13 weeks after inoculation were carried out from 6 to 12 weeks later. Those isolated from plants 2 to 8 weeks after inoculation gave relatively constant results (Table II) . The mean value for six samples in ten determinations was 0.50 4-0.02 rag. virus N per ml. at 4 ° in 11.18 per cent ammonium sulfate and 0.1 ~ phosphate at pH 5.6. The solubility of the 13 week sample, however, was about 0.8 rag. N per ml. under the same conditions. Virus that had been precipitated once in the cold with ammonium sulfate and then ultracentrifuged showed, in general, a decrease in solubility as compared with virus prepared from the same sap by ultra- centrifugation. A good deal of variation was found, however. Some samples were entirely insoluble after the ammonium sulfate treatment while others were nearly as soluble as the ultracentrifuged virus. The variation was probably due to differences in the length of time different samples had been allowed to stand in ammonium sulfate solution during the isolation procedure. Similarly, after standing for about a month longer in 0.1 ~r phosphate at 4 °, the solubility of most of the samples tested decreased further.
The solubility data obtained with varying amounts of solid phase in the presence of a constant volume of solvent showed an increase in the amount of.~idissolved viru~as the amount of solid phase was increased above that amount necessary to give a saturated solution. The results with two preparations obtained by ultracentrifugation are shown graphically in Fig. 1 .
The data are not sufficiently precise to establish definitely the shape of the solubility curves. Relatively constant solubilities were obtained, however, as the amount of virus in suspension was increased beyond 1.3 mg. N per ml. in one case and beyond 1 rag. N per ml. in the other, but in both instances some solid phase separated in the presence of much smaller amounts of virus. In the case examined most completely (curve II) some solid virus separated or failed to dissolve even at one-tenth the concentration which seemed to give a constant solubility. Similar results were obtained with a sample purified by precipitation with ammonium sulfate. The solubility curves are not characteristic of a material consisting of only one solid phase but resemble those of solid solutions (13) . A similar conclusion was reached when a crystallized sample of virus was extracted repeatedly with equal portions of the same solvent, for the amount of dissolved virus decreased progressively as the amount of virus used as saturating body decreased.
A possible explanation for the presence of solid phase at the lower virus concentrations was the formation of a fraction consisting of relatively insoluble and inactive virus as a result of the contact with the ammonium sulfate solution during the solubility determination. If this were the correct explanation then the specific activity of the crystallized virus would be expected to be lower than that of the virus in solution. To test this hypothesis the specific activities of the crystallized virus and the virus in solution from two solubility determinations (curve II, Fig. 1 ) in which the original virus concentrations were 0.38 and 0.57 rag. virus nitrogen per ml., respectively, were compared. The crystallized virus was dissolved in water in each case and these solutions and those containing the soluble virus were dialyzed until free of ammonium sulfate and analyzed for nitrogen. The dialyzed solutions of crystallized and soluble virus in one experiment were diluted to 10-~ gm. virus per ml. with 0.1 M phosphate buffer at pH 7 and compared on 42 half leaves of Nicotiana glutinosa. In two tests, 2392 and 2904 lesions were obtained for the solution of crystallized virus as compared with 2002 and 2602 lesions, respectively, for the virus in solution. In the second experiment, the dialyzed solutions were diluted to the difference in lesion counts was not significant. When the total numbers of lesions obtained by each treatment were combined and evaluated similarly, the crystallized virus rather than that in solution proved significantly more active. It may be concluded, therefore, that the fraction of virus which precipitated did not consist of inactive or largely inactive virus.
The question of a change in tobacco mosaic virus as a result of treatment with ammonium sulfate was also studied by comparing the activities of samples of virus isolated from portions of the same infected sap by ultracentrifugation and by ammonium sulfate precipitation in the cold. In eight tests in which a total of 305 half leaves of Phaseolus vulgaris was used for the comparison of samples isolated from time to time, a total of 11,160 lesions was obtained for the samples prepared by ultracentrifugation as compared with 11,202 for the samples prepared by precipitation with ammonium sulfate. If the treatment with ammonium sulfate resulted in an irreversible change in virus in these experiments, it was not accompanied by a significant loss of virus activity. It should be noted, however, that a decrease in specific activity or a loss of active virus corresponding to less than about 10 per cent of the original might not be detected by the infectivity tests.
Solubility of Virus from Different Host
Plants.--Preliminary experiments in which the solubilities of tobacco mosaic virus isolated from Turkish tobacco and tomato plants by chemical methods were compared, showed that about the same solubility behavior was obtained for virus isolated from either'host provided the samples were isolated by the same procedures from plants inoculated for the same periods of time (7) . Similar experi-ments were carried out on ultracentrifuged preparations of virus from tobacco and tomato plants. The juice was obtained from young plants about a month after inoculation and the virus was precipitated once in the cold with 20 per cent ammonium sulfate. It was redissolved in 0.1 ~r phosphate buffer and sedimented twice in the ultracentrifuge. The experiments on two samples obtained in this manner are summarized in Table III . It may be seen that under the conditions used, about the same solubility was obtained for the tomato as for the tobacco sample when the solubility was approached either from the supersaturated or the undersaturated side. When the saturated solution obtained from the tobacco sample was used to extract the crystals which separated from the tomato sample, a slight decrease rather than increase in the amount of dissolved virus took place, and a similar result was obtained when the saturated solution from the tomato sample was used to extract the crystals which separated from the sample isolated from tobacco plants. DISCUSSION The wide variation found for the solubility of different samples of purified tobacco mosaic virus prepared by precipitation with ammonium sulfate and by ultracentrifugation, and the type of solubility curve obtained in the presence of varying amounts of solid phase indicate, contrary to the results of ultracentrifugal and electrophoretic analyses, that the purified virus is not a homogeneous material. The results are not readily explained either by the presence of inactive impurities, by the reversible or irreversible formation of inactive virus, or by failure to attain equilibrium during the solubility determinations. They may be explained by variations produced in the virus itself either during growth under different conditions or during isolation. Evidence for a small amount of variation in tobacco mosaic virus has been obtained previously (15) by the isolation of mutant strains from plants infected with a single infectious unit of the ordinary strain. These were recognized because of characteristic signs of disease on infected plants different from those of ordinary tobacco mosaic and have been carried serially through many generations of plants. The number and amount of such strains which are formed during the production of the virus in the host plants are not believed to be sufficient to account for the type of solubility curve found. In view of the fact that the more soluble and the less soluble fractions are equally infectious and, in the limited number of tests made, produce typical tobacco mosaic disease, it seems more likely that the solubility of the infectious agent itself may vary. It is possible that the less soluble virus may be derived from the more soluble by a process similar to that taking place when the virus ages in dtro, or it may be that during the multiplication of the original infective unit other units differing slightly in solubility but causing typical tobacco mosaic are produced. The solubility data provide evidence that the purified virus is better described, as has already been indicated (16) , as a family of closely related substances rather than as a single chemical individual. The experiments with the virus from tobacco and tomato plants show~ however, that remarkably comparable virus may be obtained from plants of different genera when the latter are grown under the same conditions and the virus is isolated by similar procedures.
SD~'M ~,RY Different samples of purified tobacco mosaic virus show a relatively wide variation in solubility in ammonium sulfate solution. This variation and the type of solubility curve obtained in the presence of varying amounts of solid phase show that the purified virus whether isolated by mild treatment with ammonium sulfate or by ultracentrifugation is not a homogeneous chemical substance but contains more soluble and less soluble virus fractions of comparable specific activities. Long contact with strong ammonium sulfate solutions or 0.1 M phosphate buffer results in a decrease in solubility. The variation in the solubility of samples isolated from different plants by the same method seems to depend in part on the length of time the plants are inoculated before they are cut, and probably also on the conditions under which they are grown. Virus preparations isolated from plants of different genera grown under the same conditions and inoculated at the same time, however, behaved like identical substances in solubility experiments. BIBLIOGRAPHY 
